The variations in the electronic properties of the two-dimensional electron gas ͑2DEG͒ in Al x Ga 1−x N / GaN heterostructures due to an AlN embedded spacer layer were investigated by using Shubnikov-de Haas ͑SdH͒ measurements. The carrier densities of the 2DEGs in the Al 0.4 Ga 0.6 N / AlN/ GaN and the Al 0.4 Ga 0.6 N / GaN heterostructures, determined from the SdH data, were 8.75ϫ 10 12 and 8.66ϫ 10 12 cm −2 , respectively. The electron carrier density and the mobility of the 2DEG in the Al x Ga 1−x N / GaN heterostructure with an AlN spacer layer were larger than those in the Al x Ga 1−x N / GaN heterostructure. The electronic subband energies, the wave functions, and the Fermi energies in the Al 0.4 Ga 0.6 N / AlN/ GaN and Al 0.4 Ga 0.6 N / GaN heterostructures were calculated by using a self-consistent method taking into account spontaneous and piezoelectric polarizations. These present results indicate that the electronic parameters of the 2DEG occupying an Al x Ga 1−x N / GaN heterostructure are significantly affected by an AlN spacer layer, and they can help to improve the understanding of the applications of Al x Ga 1−x N / GaN heterostructures with AlN spacer layers in high-speed and high-power electronic devices.
I. INTRODUCTION
Potential applications of wide-energy-gap semiconductor thin films in electronic and optoelectronic devices have driven extensive efforts to grow high-quality GaN semiconductor epilayers and related materials. [1] [2] [3] Recently, with rapid advances in epitaxial growth technologies in molecular-beam epitaxy and metal-organic chemical-vapor deposition ͑MOCVD͒, it has become possible to fabricate Al x Ga 1−x N / GaN heterostructures with high-quality epilayers and to achieve compositional control for growth thicknesses on a nanoscale per layer. 4, 5 Even though many studies exist concerning optoelectronic devices ranging from the blue to the ultraviolet spectral region, 1 relatively little work on highpower and high-speed electronic devices has been carried out because of the low mobility of the two-dimensional electron gas ͑2DEG͒ at the Al x Ga 1−x N / GaN heterointerface. 6, 7 Complete utilization of the high potentiality for high-power and high-speed operations requires knowledge of the factors affecting the carrier density and the mobility of the 2DEG occupying the Al x Ga 1−x N / GaN heterostructure because the increases in the carrier density and the mobility of the 2DEG are fundamental ways of improving high-power and highspeed operations. 8 Recently, Li et al. suggested that the mobility of the 2DEG occupying the Al x Ga 1−x N / GaN heterostructures could be significantly improved by inserting a low-temperature-grown AlN interlayer. 6 Therefore, systematic studies concerning the electronic parameter variations of the 2DEG due to an AlN layer being embedded in the Al x Ga 1−x N / GaN heterostructure are still necessary to enhance the efficiency of high-power and high-speed electronic devices. This paper reports the electronic parameters of the 2DEG in two kinds of Al x Ga 1−x N / GaN heterostructures: one sample is the usual Al x Ga 1−x N / GaN heterostructure, and the other has an additional AlN embedded barrier layer. Shubnikov-de Haas ͑SdH͒ and van der Pauw Hall-effect measurements were performed to investigate the effects of the AlN embedded layer on the electronic parameters of the 2DEG occupying the Al x Ga 1−x N / GaN heterointerface. The a͒ Author to whom correspondence should be addressed; electronic mail: twk@hanyang.ac.kr electronic parameters of the 2DEGs in Al x Ga 1−x N / GaN heterostructures with and without an AlN embedded barrier were compared. The electronic subband energies, the energy wave functions, and the Fermi energies of the Al 0.4 Ga 0.6 N / AlN/ GaN and Al 0.4 Ga 0.6 N / GaN heterostructures were calculated by using a self-consistent method, taking into account the spontaneous polarization effect and the piezoelectric polarization effect.
II. EXPERIMENTAL DETAILS
The two kinds of samples used in this study were grown on ͑1000͒-oriented sapphire substrates by using MOCVD and consisted of the following structures from the top side: a 30-Å unintentionally doped GaN capping layer for ohmic contact, a 250-Å unintentionally doped Al 0.4 Ga 0.6 N modulation layer, unintentionally doped AlN spacer layers ͑t =0 or 15 Å͒, a 700-Å unintentionally doped GaN active layer, a 3-m unintentionally doped GaN buffer layer, and a 200-Å unintentionally doped GaN buffer layer grown at a low temperature. The SdH and Hall-effect measurements were carried out at a temperature of 1.5 K in magnetic fields of up to 18 T in an Oxford superconducting magnet system by using a Keithley 181 nanovoltmeter. Ohmic contacts to the samples were made by diffusing a small amount of indium through several layers at 200°C in a hydrogen atmosphere for approximately 10 min.
III. RESULTS AND DISCUSSION
The bright-field TEM images of the Al 0. 4 6 N / AlN/ GaN heterostructures, and SdH measurements were performed in order to demonstrate the existence of a 2DEG and to determine the carrier density and the effective mass of the 2DEG. The 2DEG behavior of the free-electron carriers giving rise to the SdH oscillations was substantiated by using magnetic fields oriented at 0°and 10°to the normal to the surface. These SdH multiple oscillations of the 2DEG occupying the Al 0.4 Ga 0.6 N / AlN/ GaN heterointerface varied dramatically with the angle between the magnetic field and the surface normal, which is indicative of a 2DEG occupying the GaN active layer, as shown in the two upper curves in Fig. 1 . The SdH results for the Al 0.4 Ga 0.6 N / GaN heterostructure with = 0°are shown in the two lower curves in Fig. 1 . After highpass filtering and a fast Fourier transformation ͑FFT͒ had been performed, 9 the frequency peak of the FFT for the Al 0.4 Ga 0.6 N / AlN/ GaN heterostructure was 180.8 T, which corresponded to an electron density of 8.75ϫ 10 12 cm −2 for the ground-state subband, as shown in the lower curve of Fig. 2 . The oscillation frequency determined from the SdH measurements at 1.5 K was shifted for measurements with the magnetic field oriented at 10°to the normal to the sample surface, as shown in the upper curve of Fig. 2 . Since the magnetic field oriented at = 10°is approximately the magnetic field at = 0°times the cos 10°, the oscillation peak for a magnetic field oriented at = 0°should be shifted to approximately a peak position of the frequency times the ͑cos 10°͒ Since the magnetic fields for the determination of the electron effective masses of the 2DEG are too large, the values of the effective masses might have some error deviations. The estimated effective masses of the 2DEGs occupying the GaN active layers were larger than that for the GaN bulk, 14 and this result originates from the nonparabolicity effect of the electron effective mass.
Since the origin of the 2DEG in this nominally undoped system is not clear, the subband structure cannot be determined with certainty. A possible subband structure, assuming that the free electrons came from the AlN/ GaN interface, was calculated by using a self-consistent method and by taking into account the spontaneous polarization effects and the piezoelectric polarization effects. 10, 16 The physical param- eters are taken from the literature, 13 except for the effective masses which are taken from another literature. 12 The detailed physical parameters of the GaN, the AlN, and the Al 0.4 Ga 0.6 N layers used in the self-consistent calculation are described elsewhere. 16 The Fermi level was adjusted to fit the observed carrier density. 
